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Introduction
Osteoarthritis (OA) affects a large number of population, and its incidence is showing a growing trend with the increasing life span (Ondrésik et al., 2017) . Although physical activity is one of the most common non-pharmacological OA therapies, the duration and type of exercise programs varied widely (McAlindon et al., 2014) . The association between physical activity and OA is not well understood, and how physical activity affects OA need further investigation (Barbour et al., 2014) . Moreover, there is no unified standard to detect the effect of physical activity on OA treatment. It is noteworthy to find a significant indicator to evaluate it.
Epidemiological studies indicate that inflammatory molecules, including adipokines and cytokines, have been shown to contribute the progression of cartilage loss (Kalunian, 2016; Berenbaum, 2011) . Improved understanding of inflammation in OA is required to facilitate therapeutic target discovery (Cicuttini and Wluka, 2016) . The role of adipokines, which are produced by adipose tissue and released into the blood where they participate in low-grade inflammation, has been widely studied in recent years (Berenbaum and van den Berg, 2015) . Now it is becoming crucial question that studying adipokines as an effective approach toward understanding the pathophysiology of OA. The biological and biomechanical interplay between these tissues that ultimately leads to joint dysfunction remains a topic of high interest (Sandy et al., 2015) .
Lipoxin A 4 (LXA 4 ), a kind of adipokines, is a potent stop signal of inflammation (McMahon et al., 2001; Serhan, 2014) . The therapeutic effects of LXA 4 on OA have been confirmed by previous studies (SodinSemrl et al., 2000; Chan and Moore, 2010; Conte et al., 2010; Yang et al., 2017) . LXA 4 are rapidly formed on cell stimulation, act locally, and are rapidly metabolized and inactivated (Gangemi et al., 2003) .
of fibroblast-like synoviocytes (FLSs) (Sodin-Semrl et al., 2000) which is a key role in inflammation and joint destruction (Mor et al., 2005) . Therefore, production of the high LXA 4 level should be regarded as indicator for predictive therapy of OA.
As a critical transcriptional factor in promoting the expression of a number of pro-inflammatory genes, NF-κB is a key signaling molecule in the control of OA (Olivotto et al., 2015) . Activated NF-κB signaling pathway boosts the expression of many inflammation-related cytokines. Therefore, the suppression of NF-κB signaling pathway is one of the potential therapeutic OA targets (Ni et al., 2015) .
Our preliminary study found that LXA 4 of serum and intra-articular lavage fluid (IALF) was rapidly elevated in 2 h and rapidly reduced to normal level at 4 h after moderate-intensity treadmill exercise. LXA 4 could inhibit the synthesis of inflammatory cytokines, such as IL-1β and TNF-α in the articular cavity (Yang et al., 2017) . But we couldn't confirm the therapeutic effects of LXA 4 during treadmill exercise in OA, and the detailed mechanism of LXA 4 on OA need further investigation, such as on fibroblast-like synoviocytes (FLSs).
In present study, we used BOC-2, an antagonist of LXA 4 receptor, to evaluate the effects of LXA 4 during treadmill exercise of different intensities in rat model of MIA-induced OA. And we explored the therapeutic effects of LXA 4 focusing on the inhibition of NF-κB signaling pathway and its effects. The results provide new insight that LXA 4 was a significant indicator to detect the effect of treadmill exercise on OA treatment.
Materials and methods

Experimental animals
One hundred and twenty-four male Sprague-Dawley (SD) rats (230 ± 10 g, 8 weeks of age, and specific-pathogen-free) were obtained from HFK Bioscience Co. Ltd. (Beijing, China). Maintenance and care of the experimental rats followed the guidelines of the Ethics Committee of China Medical University, and the study was approved by this Ethics Committee. Rats were kept in individual plastic cages on sawdust bedding, a 12:12 h light: dark cycle with the lights on from 6:00 a.m. to 6:00 p.m., a controlled temperature of 22 ± 2°C, and 70% humidity. They had free access to food and water. Body weight was recorded at regular intervals. They were adapted to laboratory conditions for 1 week prior to the experimental procedures. And then, all rats were habituated to the ZH-PT treadmill exercise (Zhongshidichuang Science & Technology Development Co. Ltd., Beijing, China) for 1 week at a speed of 10 m/min for 10 min/day to reduce stress. All rats adapted to the treadmill exercise. (Fig. S1) 
OA model and treadmill running protocols
After the adaptive treadmill exercise, all rats were submitted to two different exercise protocols: a single session of treadmill exercise or formal treadmill exercise with appropriate photostimulation (300 lx), acoustic stimulation (80 DB) and electric stimulation (100 Hz, 0.18 mA).
A single session of treadmill exercise (only 60 min): Sixty male SD rats were randomly divided into three groups (n = 20): 15.2 m/min with 0°of inclination (low-intensity treadmill exercise, LIT); 19.3 m/ min with 5°of inclination (moderate-intensity treadmill exercise, MIT); and 26.8 m/min with 10°of inclination (high-intensity treadmill exercise, HIT) respectively. All rat exercise last for 60 min only once. Rats were evaluated immediately after the exercise (A.E.), and 1, 2, 3, 4 h after treadmill exercise (n = 4). The other four male SD rats were no treadmill exercise named as basal group.
Formal treadmill exercise: sixty rats were randomly divided into six groups (n = 10): control group (CG), knee OA model (OAG), OA with low-intensity treadmill exercise: 15.2 m/min with 0°of inclination, 60 min/day, 5 days/week for 4 weeks (OAL), OA with moderate-intensity treadmill exercise: 19.3 m/min with 5°of inclination, 60 min/ day, 5 days/week for 4 weeks (OAM), OA with high-intensity treadmill exercise: 26.8 m/min with 10°of inclination, 60 min/day, 5 days/week for 4 weeks (OAH) (Ni et al., 2013 (Ni et al., , 2012 Li et al., 2017) , and OAM + BOC-2 (abs45120618, absin) (BOC-2, an antagonist of LXA 4 receptor, was administered by intraperitoneal injection 50 μg/kg Brigatte et al., 2016) before every treadmill exercise). After the adaptive exercise, all rats were anesthetized with 1.5% pentobarbital sodium (30 mg/kg, intraperitoneal injection). Knee OA was induced by intra-articular injection of MIA (1 mg per cavity in 50 μl sterile saline) by micro syringe through the infrapatellar ligament and into the bilateral knee joint cavity. The CG rats received an intra-articular injection of 50 μl sterile saline. The CG and OAG rats were kept sedentary after injection, but other groups need 24 h to recover before being placed into treadmill paradigm. Rats were evaluated after completing the treadmill exercise program. (Fig. 1) 
Sampling and tissue preparation
After a single session of treadmill exercise, rats were anesthetized and sacrificed by cervical dislocation. Blood samples were obtained 5 min after the animals were anesthetized, and centrifuged at 3000×g for 10 min to obtain serum. IALF was obtained from the synovial cavity of the right knee by injection and recovery of 0.1 ml of phosphatebuffered saline (PBS) using a 1-ml syringe 10 min after anesthetized.
After the last session of formal treadmill exercise, serum and IALF were also collected. The left knee joints of all rats were dissected and fixed in 4% paraformaldehyde solution. Articular cartilage and synovium were collected from the right knee joint. After anesthetizing and sacrificing the rats by cervical dislocation, we used surgical scissors to remove the skin and muscles along the patellar ligament to open the capsula articularis, being careful to avoid damage to the cartilage and synovium. Next, articular cartilage specimens were removed from the weight-bearing area of the condyles of the right femur and tibia using a Y. Yang et al. Molecular Immunology 103 (2018) 35-45 scalpel or rongeur. Synovium specimens were carefully removed by tissue scissors. All tissues were stored at −80°C.
Histology
Left knee joint tissue samples were stored in 4% paraformaldehyde for 7 days. Then they were washed in water for 5 h and transferred to 20% EDTA solution (Jianglai Reagent Co., Ltd, Shanghai, China) to decalcify for 21 days and the solution was changed every 3 days. Decalcified samples were dehydrated in an ethanol series and embedded in paraffin. Serial 5 μm sagittal sections were cut from the tibiofemoral joints for histological examination. The sections were stained with hematoxylin & eosin (HE) and toluidine blue to observe the cartilage. After that, the sections were visualized with ScanScope Differences between CG and OAG ( * P < 0.001), OAG vs. OAM, OAH and OAM + BOC-2 groups ( + P < 0.001), and between OAM and OAM + BOC-2 ( # P < 0.001) were significant. (C) OARSI histological scores for cartilage of tibiofemoral joints. Differences between CG and OAG ( * P < 0.001), OAG vs. OAL, OAM, OAH and OAM + BOC-2 groups ( + P < 0.001) were significant, and between OAM and OAM + BOC-2 ( # P < 0.001) were significant. Kruskal-Wallis test, n = 10 rats in each group, means with 95% confidence interval.
(APERIO CS2, Leica). Injury of the articular cartilage in femur and tibia was assessed by the Modified Mankin score (Van der Sluijs et al., 1992) on a scale of 0-14 points and the Osteoarthritis Research Society International (OARSI) score on a scale of 0-24 points (Pritzker et al., 2006; Gerwin et al., 2010) . As both the tibial and femoral cartilages were evaluated, the maximum Mankin score was 28 and the maximum OARSI score was 48. Two experienced observers (Yue Yang and Xiaoning Zhang) performed the scoring in a blinded manner.
Enzyme-linked immunoassay (ELISA) of serum and IALF
TNF-α, IL-1β, and LXA 4 levels in the knee IALF and in serum were determined using ELISA kits (TongWei, Shanghai, China) following the manufacturer's instructions. And then, the content of protein in IALF were measured to ensure that the ratio of dilution were equal.
Immunohistochemistry
In addition to histomorphological evaluation, serial sections were stained for COL2 A1, matrix metalloproteinase (MMP)-13, and MMP-3. After deparaffinization and rehydration of the tissue sections, endogenous peroxidase activity was blocked by 3% H 2 O 2 for 20 min. The proteins were immunostained using a two-step method following the kit manufacturer's instructions. The sections were incubated with rabbit polyclonal anti-COL2 A1 antibody (ab34712, 1:50; abcam), rabbit polyclonal anti-MMP-13 antibody (ab39012, 1:50; abcam), and rabbit monoclonal anti-MMP-3 antibody (ab52915, 1:50; abcam) overnight at 4°C. The slides were washed three times in PBS followed by 20 min incubation at 37°C with an anti-mouse/rabbit IgG detection system (PV-9000, Zhongshan Goldenbridge Biotechnology Co., China) and visualized with diaminobenzidine (DAB). Nuclei were counterstained with hematoxylin for 5 min. Negative control sections were prepared with the same protocol as above, but the primary antibody was replaced *a P = 0.028), MIT ( # P < 0.001), and HIT ( + P < 0.001, +a P = 0.029) were significant. But there were no significant difference at A.E., 1h, 2h and 3h between MIT and HIT in serum and IALF. One-way ANOVA, n = 4 rats for each group, means with 95% confidence interval. Y. Yang et al. Molecular Immunology 103 (2018) 35-45 by PBS. The optical density of stained slides was measured using image analysis software (NikonH600 L Microscope and image analysis system, Japan). COL2 A1 was expressed by relative intensity. MMP-13 and MMP-3 were expressed by percentage of positive cells.
Western blotting
Cartilage and synovium were washed twice in ice-cold PBS and sonicated in lysis buffer (P0013C, Beyotime, China). The lysates centrifuged at 14,000×g for 5 min at 4°C. The protein concentration of the cell supernatants was measured with a bicinchoninic acid (BCA) assay kit (P0010S, Beyotime, China). Equal amounts of protein (50 μg) were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After blocking with 1% bovine serum albumin (BSA) in Tris-buffered saline (TBS) with 0.1% Tween-20 (TBST) at room temperature for 2 h, the blots were incubated overnight at 4°C with primary antibodies: rabbit polyclonal anti-COL2 A1 antibody (ab34712, 1:5000; abcam), molecular weight 142 kDa; rabbit polyclonal anti-MMP-13 antibody (ab39012, 1:3000; abcam), molecular weight 54 kDa; rabbit monoclonal anti-MMP-3 antibody (ab52915, 1:1000; abcam), molecular weight 54 kDa; rabbit polyclonal anti-IL-1β antibody (ab150777, 1:1000; abcam), molecular weight 31 kDa; and mouse monoclonal anti-β-actin (60008-1-lg, 1:5000, Proteintech Group), molecular weight 42 kDa. After washing three times with TBST, the membranes were incubated with IgG-horseradish peroxidase (HRP)-COnjugated secondary antibodies (1:10000, Canlife) at room temperature for 2 h. After washing with TBST buffer, immunoreactivity was detected with enhanced chemiluminescence (ECL) and quantified using Quantity ONE (Bio-Rad, Hercules, CA, USA) software. β-actin was used as the internal control.
Isolation and culture of FLSs
FLSs were obtained from the synovium of knee joint of SD rats. Tissue was collected in sterile PBS. Fat and connective tissue were removed and tissue was digested with 1 mg/ml collagenase (SigmaAldrich, St. Louis, MO, USA) for 2-3 hours at 37°C. Cells were then separated from the undigested tissue using a 70 μm cell strainer (BD, Durham, NC, USA) and cultured in 25 cm 2 cell culture flasks cultured in Dulbecco modified Eagle medium (DMEM) (Gibco BRL, Grand Island, NY, USA) with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA) and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin, and 0.1 mg/ml Fungizone) in a humid atmosphere of 5% CO 2 in air at 37°C. Upon reaching confluence, cells were detached with 0.25% trypsin and split in a 1:3 ratio. For all experiments 4th-6th passage were used. Using light microscopy > 95% of cells were judged to be FLSs. Differences between CG and OAG were significant ( * P < 0.001), and differences between OAG and the treadmill exercise groups were significant ( + P < 0.001, +a P = 0.045, +b P = 0.012), and differences between OAM and OAM + BOC-2 were significant ( # P < 0.001). One-way ANOVA, n = 5 rats for each group, mean score with 95% confidence interval.
Y. Yang et al. Molecular Immunology 103 (2018) 35-45 2.9. Western blot and immunofluorescence analysis of FLSs Cultured FLSs were grown in 100 mm cell culture dishes (8-10 × 10 5 cells/dish) for western blot. Cultures were stimulated with IL-1β (ab200284, abcam) at 1 ng/ml with or without LXA 4 (90410, Cayman) at 1 nM and BOC-2 (abs45120618, absin) at 1 nM. After 24 h following incubation, the cells were collected and stored at −80°C for western blotting. FLSs were placed on confocal dish and incubated with different conditions for 24 h. After washing with PBS and fixed with 4% sterile paraformaldehyde for 20 min at room temperature. And then, cells were permeabilized with 0.5% Triton X-100/PBS for 30 min and being incubated in non-specific binding blocking solution (5% BSA) for 30 min at room temperature. Mouse monoclonal anti-NF-κB p65 antibody (sc-8008, 1:50; Santa Cruz) were added to cells overnight at 4°C followed by staining with Alexa Fluor ® 594 conjugated anti-mouse antibody for 60 min at room temperature under dark. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) for 5 min. After washing, the slides were visualized with confocal microscope (Olympus, Tokyo, Japan).
Statistical analysis
Data were expressed as means with 95% confidence intervals (CI) and analyzed using SPSS statistical software version 16 (SPSS, Inc., Chicago, IL, USA). Shapiro-Wilk's and Levene's test were applied to evaluate the normality and homogeneity of the results, respectively. For the variables that exhibited normal distribution, one-way ANOVA and post-hoc Tukey tests were used for the statistical analysis of significance. For the variables that exhibited non-normal distribution, Kruskal-Wallis test was used. P-values < 0.05 were accepted as significant.
Results
Histological observations
Histological assessment (Mankin and OARSI score) demonstrated tibiofemoral joints of OAG rats showed greatly diminished cartilage compared to the CG (Mankin score of tibiofemoral joints: CG = 0.5-95% CI 0.0-1.0; OAG = 23.0-95% CI 21.3-24.6; OARSI score of tibiofemoral joints: CG = 0.1-95% CI 0.0-0.3; OAG = 42.0-95% CI 40.5-43.5.). OAM had therapeutic effects on cartilage compared with OAG in tibiofemoral joints. But the therapeutic effect of OAM on cartilage could be suppressed by BOC-2 in tibiofemoral joints (Mankin score of tibiofemoral joints: OAM = 7.9-95% CI 7.4-8.4; OAM + BOC-2 = 16.4-95% CI 15.3-17.4; OARSI score of tibiofemoral joints: OAM = 3.5-95% CI 3.1-3.9; OAM + BOC-2 = 27.3-95% CI 24.6-30.0.). (Fig. 2A-C) 
ELISA of serum and IALF
In a single session of treadmill exercise, the levels of LXA 4 in the serum and IALF were elevated in 2 h and returned to normal at 4 h after exercise of different intensities. There were significant differences in LXA 4 levels in IALF between LIT and MIT groups at 1 h and 3 h, but there were no significant differences between MIT and HIT groups. Serum levels of LXA 4 showed similar patterns to IALF levels. (Fig. 3) In formal treadmill exercises, the concentration of LXA 4 in serum was lower in the OAG than in the CG, and it was evaluated in all treadmill groups (LXA 4 in serum: CG = 160.2 -95% CI 152.1-168.3 pg/ ml; OAG = 129.2-95% CI 122.8-135.6 pg/ml; OAM = 308.8-95% CI Fig. 6 . Western blotting results in each group. Effect of treadmill exercise with different intensities on the expression of knee joint cartilage and synovial membrane of rats with MIA-induced OA. Protein expression was determined in western blots of total protein extracted from cartilage (A) and synovium (B) tissues as described in Materials and Methods. The data was obtained in three separate experiments β-actin as an internal standard. Differences between CG and the OAG group were significant ( * P < 0.001), differences between the OAG and the treadmill exercise groups of different intensities were significant ( + P < 0.001, +a P = 0.017, +b P = 0.001, +c P = 0.002, +d P = 0.002, +e P = 0.003, +f P = 0.032, +g P = 0.006), and differences between the OAM and OAM + BOC-2 group were significant ( # P < 0.001, #a P = 0.006). One-way ANOVA, n = 3 rats for each group, means with 95% confidence interval.
Y. Yang et al. Molecular Immunology 103 (2018) 35-45 Fig. 7. Western blotting and immunofluorescence results in FLSs. (A) The western blotting results of MMP-13 and MMP-3 in FLSs. Protein expression was determined in western blots of total protein extracted from FLSs as described in Materials and Methods. The data was obtained in three separate experiments β-actin as an internal standard. Differences between different groups were significant ( * P < 0.001, + P < 0.001, # P < 0.001). One-way ANOVA, n = 3 rats for each group, means with 95% confidence interval. (B) Effect of LXA 4 on the expression of NF-κB p65 in FLSs. The FLSs were immunostained using anti-NF-κB p65 rabbit antibody and visualized by confocal microcopy. Cell nuclei were defined by DAPI.
Y. Yang et al. Molecular Immunology 103 (2018) 35-45 299.8-317.9 pg/ml.). (Fig. 4A) The change of LXA 4 concentration in IALF was similar to those observed in serum. (LXA 4 in IALF: CG = 1.20-95% CI 1.12-1.28 ng/mg protein; OAG = 0.82-95% CI 0.72-0.92 ng/mg protein; OAM = 1.43-95% CI 1.36-1.51 ng/mg protein.). (Fig. 4D) The concentrations of TNF-α and IL-1β in serum were both higher in the OAG than that in the CG; and OAM reduced the concentration of TNF-α and IL-1β in serum compared with OAG. But the decrease of TNF-α and IL-1β concentration in serum could be suppressed by BOC-2 in OAM. (TNF-α in serum: OAM = 28.5-95% CI 24.8-32.2 pg/ml; OAM + BOC-2 = 45.8-95% CI 42.9-48.8 pg/ml. IL-1β in serum: OAM = 25.5-95% CI 22.7-28.3 pg/ml; OAM + BOC-2 = 31.7-95% CI 29.1-34.3 pg/ml.). (Fig. 4B,C (Fig. 4E,F) 
Immunohistochemical analysis
Immunohistochemical staining showed that therapeutic effects of OAM resulted in COL2 A1, MMP-13 and MMP-3 expression in articular cartilage compared with the OAG group. But the therapeutic effects of OAM could be suppressed by BOC-2. (Fig. 5) And the relative intensity of COL2 A1 compared with CG in the articular cartilage increased from 0.59 in the OAG group to 0.86 in the OAM, but it reduced to 0.38 in the OAM + BOC-2. The percentage of MMP-13-positive cells in the articular cartilage was reduced from 48.2% in the OAG group to 25.0% in the OAM, but it increased to 37.1% in the OAM + BOC-2. The percentage of MMP-13-positive cells in the CG group was 7.7%. The percentage of MMP-3-positive cells in articular cartilage was reduced from 60.9% in the OAG to 34.7% in the OAM, but it increased to 45.1% in the OAM + BOC-2. The percentage of MMP-3-positive cells in the CG group was 7.9%.
Western blot analysis
Western blots were evaluated for differences in COL2 A1, MMP-13 and MMP-3 of cartilage and IL-1β, MMP-13 and MMP-3 of synovium among the groups of rats with MIA-induced knee osteoarthritis. (Fig. 6) The results showed that therapeutic effects in OAM resulted in these proteins in articular cartilage and synovium compared with the OAG group. But the therapeutic effects of OAM could be suppressed by BOC-2.
Western blot and immunofluorescence analysis of FLSs
We examined the effect of LXA 4 on the expression of MMP-13 and MMP-3 by western blot and the expression of NF-κB p65 protein by immunofluorescence staining using confocal microscopy in cultured FLSs.
As shown in Fig. 7A , the expressions of MMP-13 and MMP-3 protein were significantly increased in IL-1β induced FLSs when compared with the normal. Nevertheless, the treatment of LXA 4 significantly decreased the expression of MMP-13 and MMP-3 in IL-1β induced FLSs. As shown in Fig. 7B , a significant increase of NF-κB p65 expression was detected in IL-1β induced FLSs when compared with the normal. However, LXA 4 administration significantly suppressed the expression of NF-κB p65 in IL-1β induced FLSs.
Furthermore, Fig. 7 also indicated that treatment of LXA 4 the expression of NF-κB p65 protein was significantly suppressed by BOC-2 (antagonist of LXA 4 receptor) in IL-1β induced FLSs, which was used to confirm our hypothesis that LXA 4 exhibit anti-inflammatory effect by suppressing the expression of NF-κB p65.
Discussion
In the present study, OA was induced by intra-articular injection of MIA, which caused histological changes including cartilage surface erosion, matrix loss and synovitis. In different intensities protocols, moderate-intensity treadmill exercise increased the concentration of LXA 4 and had better therapeutic effects on OA than other exercise groups, as indicated by histological scores, ELISA results, and expression of protein. The therapeutic effects of moderate-intensity treadmill exercise could be suppressed by BOC-2, an antagonist of LXA 4 receptor, in vivo. And LXA 4 exerted anti-inflammatory effects on IL-1β induced FLSs through suppression of NF-κB signaling pathway. These results provide valuable information that the concentration of LXA 4 in serum and IALF could evaluate the effect of intensity-dependent treadmill exercise.
Our results corroborate those authors who affirm that moderateintensity treadmill exercise could alleviate the damage of cartilage on knee OA in a rat model (Ni et al., 2013; Qian et al., 2014; Galois et al., 2004; Fallah et al., 2013; Na et al., 2014) . Cartilage is an avascular tissue, and chondrocyte metabolism depends on diffusion and convection of synovial fluid for nutrition. Obviously, synovial fluid plays an important role in the pathology of OA. Several studies have revealed that physical activities generate biomechanical stimuli and cell-cell interactions which are powerful inducers or suppressors of pro-inflammatory genes (Knobloch et al., 2008) . Improved understanding of the role of inflammation in OA is required to facilitate therapeutic target discovery (Serhan and Savill, 2005) . Synovitis is a frequent feature observed in OA (O'Neill et al., 2016) . Synovitis is not merely a reflection of damage but contributes to the OA (Berenbaum and van den Berg, 2015) . Our results showed that moderate-intensity treadmill exercise could decrease the expressions of IL-1β, MMP-13 and MMP-3 in synovium compared with OA model. Thus, it is crucial that studying anti-inflammatory mediators of synovium to explore the mechanism of moderate-intensity treadmill exercise alleviating OA.
Cellular and preclinical studies have confirmed the potent anti-inflammatory of LXA 4 (McMahon et al., 2001 ). In addition, LXA 4 could attenuate adipose inflammation and shift adipose macrophage phenotype toward resolution in vivo (Börgeson et al., 2015; Serhan et al., 2014) . Increasing the concentration of LXA 4 is an important therapeutic target for OA (Yang et al., 2017; Romano et al., 2015) . The elevation of LXA 4 in serum might lead to activation of spinal ALX/FPR2 receptors which are involved in central pain transmission and, thus, a dampening of OA-like joint pain (Meesawatsom et al., 2016; Leung et al., 2016) . Adequate exercise has been shown to be beneficial in people with OA by relieving pain and increasing mobility (Barbour et al., 2014; Stagg et al., 2011; Allen et al., 2017) . A particularly noteworthy finding of our Fig. 8 . Effect of treadmill exercise with different intensities on body weight. Body weights were measured weekly for 6 weeks. Differences between CG and OAL were significant ( + P < 0.001, +a P = 0.002, +b P = 0.002), differences between CG and OAM were significant ( * P < 0.001), differences between CG and OAH were significant ( # P < 0.001), and differences between CG and OAM +BOC-2 were significant ( & P < 0.001, &a P = 0.002). But there were no significant differences between OAM and OAM+BOC-2. One-way ANOVA, n = 10 rats for each group, means with 95% confidence interval.
current study was that the concentrations of LXA 4 in serum and IALF increased significantly after treadmill exercise. This provides the new insight into the mechanisms of how exercise exerts a treatment effect in OA.
The results showed that the therapeutic effects of moderate-intensity treadmill exercise could be suppressed by BOC-2, which demonstrated the therapeutic effects of LXA 4 during treadmill exercise on OA. The average body weight in the OAH group was lower than in the OAM group, but the damage in the OAH group was more severe. There was no difference in body weight between OAM and OAM + BOC-2, but there was a significant difference in Mankin score between these 2 groups. Therefore, the effect of weight loss is not obvious. (Fig. 8) Interestingly, there were no differences between moderate-intensity and high-intensity treadmill exercise on LXA 4 of serum and IALF in a single session of treadmill exercises. (Fig. 3) High-intensity treadmill exercise could cause the further damage of cartilage by excessive pressure stimulation. It may be the reason why high-intensity treadmill exercise causes further damage. Guaranteeing the high concentration of LXA 4 and avoiding excessive load of knee joints could achieve the better therapeutic effects of treadmill exercise. We believe that LXA 4 maybe is a sensitive indicator to detect the effect of treadmill exercise on OA.
Growing evidence suggests that targeting FLS-mediated synovial inflammation and invasion may be a new therapeutic avenue for OA. The FLS expresses MMPs, as well as a variety of surface adhesion molecules. In order to determine the therapeutic effects of LXA 4 , we investigated the effect of LXA 4 on the expression of MMP-13 and MMP-3 by western blot and the expression of NF-κB p65 protein by immunofluorescence staining using confocal microscopy in IL-1β-induced FLSs. The treatment of LXA 4 significantly decreased the expression of MMP-13 and MMP-3 and suppressed the expression of NF-κB p65 in IL-1β-induced FLSs. And the suppression of NF-κB p65 expression disappeared by BOC-2 in LXA 4 -treated FLSs, which confirmed that LXA 4 exhibited therapeutic effects by inhibiting NF-κB signaling pathway. And BOC-2 alone had no effect on the expression of MMP-3, MMP-13 or NF-κB in FLSs. (Fig. S2 ) Consistent with the results in vivo, the treatment of BOC-2 (intraperitoneal injection 50 μg/kg before every treadmill exercise) significantly reduced the therapeutic effects of moderateintensity treadmill exercise in an experimental model of MIA-induced OA in rats.
LXA 4 could be formed by the action of 12/15-lipoxygenase (12/15-LO) in the capillaries (McMahon et al., 2001 ) and the activation of the oxylipin pathway of the infrapatellar fat pad (Gierman et al., 2013) . Upregulation of LXA 4 in the knee articular cavity is induced by appropriate treadmill exercise. LXA 4 can activate macrophages and neutrophils to decrease the concentration of IL-1β and TNF-α which cause the damage of cartilage. Moreover, LXA 4 also interacts with IL-1β-induced FLS to inhibit the synthesis of MMP-13 and MMP-3 by inhibiting the expression of NF-κB p65 in the articular cavity. (Fig. 9) The results showed that LXA 4 exerted therapeutic effects on FLS through NF-κB signaling pathway and its effects.
The study has some limitations. Firstly, the MIA-induced OA rat model can't entirely represent all aspects of human OA, especially spontaneous human OA. And we will explore the effects of LXA 4 and treadmill exercise in other rat OA models such as the medial meniscus transection model in the future. Secondly, the synthetic mechanisms of LXA 4 during treadmill exercise need further investigation. Thirdly, moderate-intensity treadmill exercise could increase levels of LXA 4 in serum and IALF, so we believe moderate-intensity treadmill exercise could prevent further joint damage in established OA. Further investigation is required to confirm this hypothesis. The results obtained in an experimental rat model may not translate directly to humans.
Conclusions
In conclusion, our observations showed that LXA 4 alleviated MIAinduced OA during treadmill exercise in rats. There were no significant differences between moderate-intensity and high-intensity treadmill exercise on LXA 4 of serum and IALF in a single session of treadmill exercises. Thus, it is particular noteworthy finding that guaranteeing the high concentration of LXA 4 achieve better therapeutic effects of treadmill exercise. We should pay adequate attention to LXA 4 as a significant indicator to detect the effect of treadmill exercise with different intensities in a rat model of MIA-induced OA. And LXA 4 may exert therapeutic effects by suppressing expression of NF-κB signaling pathway.
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